HodPathogen Cellular Interactions virus of pigs [9] . HSV infection of man can be mimicked in the mouse, for example [lo]. Infection of the skin results in multiplication of the virus in epithelium and the generation of the cold sore and the virus can be followed into sensory nerves and into the central nervous system. Virus mutants lacking each of the known glycoproteins have been examined in this model. Although many of the mutants are attenuated, most have phenotypes in vivo that can be predicted from their behaviour in fibroblasts in vitro. One exception is a mutant lacking glycoprotein G which has no phenotype in vitro; this mutant grows to high titres in the epithelium but is found at much reduced levels in the sensory ganglia. Glycoprotein G may be required for efficient transmission at the epidermal-nerve ending junction but it appears that, in general, our view o f HSV glycoprotein function, based on in vitro experiments, are valid in vivo.
Introduction
An essential feature of the pathogenicity of Salmonella is its ability to enter into host cells, including but not exclusively those of the intestinal epithelium.
Takeuchi [ l ] demonstrated many years ago that Salmonella mhimurium was able to gain access to the enterocytes of experimentally infected guinea pigs. He also observed that upon coming into close proximity to the cells of the intestinal epithelium, S. typhimurium caused profound changes in the archi- phosphorylation of a number of host cell proteins, including the epidermal growth factor receptor, and the initiation of signal-transduction pathways which ultimately lead to the activation of phospholipase A,, production of arachidonate metabolites and a rise in the levels of intracellular free calcium resulting from an influx of this cation [7, 8] . In other cell lines, such as HeLa or the mouse fibroblast B82, Salmonella infection leads to a transient increase in the levels of inositol phosphate, presumably resulting in the release of calcium from intracellular stores, which is essential for the internalization process (J. Pace and J. Galan, unpublished work) It is becoming increasingly clear that the molecular genetic bases of Salmonella entry into mammalian cells is very complex, as indicated by the large number of genetic loci known to affect this phenotype. The identification of such loci has been facilitated by the use of in vitro tissue culture assays, which have been shown to correlate closely with in vivo animal models of infection. Although considerable progress has been made in the identification of the Salmonella determinants involved in internalization, it is clear that we are just beginning to understand this complex system. What follows is a brief review, which it is not intended to be comprehensive, of what it is known about the molecular genetic bases of Salmonella internalization into cultured mammalian cells.
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Molecular genetic bases of Salmonella entry into cultured mammalian cells
Several genetic approaches have been used to identify determinants that are required for Salmonella entry into cultured mammalian cells. The strategies have relied on the identification of mutant strains deficient for entry or capable of entering under non-permissive conditions (see below) or the identification of Salmonella genes capable of conferring upon non-invasive organisms the ability to enter cultured mammalian cells.
These approaches have identified novel genetic loci and also have demonstrated that certain loci encoding well characterized determinants are required for efficient bacterial internalization. For example, several studies have demonstrated that intact motility and chemotaxis are required for efficient entry of Salmonella spp. into cultured epithelial cells [lo-131. It appears however that motility may not be essential for the internalization event itself but may simply aid the entry process by increasing the frequency of productive bacteria/host cell contact. There are several pieces of evidence consistent with this hypothesis. First, mutations in chemotactic genes such as cheA, cheR, c h e w and cheY, which confer a 'smooth swimming' phenotype to Salmonella, rendered these strains more invasive than wildtype, whereas mutations in cheB, which result in a 'tumbly' phenotype, rendered these organisms deficient in entry [ 11,131. Second, non-motile strains can regain wild-type levels of entry if a mild centrifugal force is applied during the internalization process [12, 13] ; however, Liu et al. [lo] reported that centrifugation did not reverse the entry deficiency of Salmonella typhi Fla-strains. These observations may reflect differences in the mechanisms of entry of different Salmonella species or serovars.
Another well characterized determinant of virulence, the lipopolysaccharide of the bacterial cell envelope, has also been implicted in Salmonella entry [14, 15] . The role of this molecule in the entry process is not clear but it appears to be speciesspecific as rough strains of S. typhimurium are not affected in their abilty to enter into cultured mammalian cells [ 161 whereas rough strains of S. typhi [14] or Salmonella choleraesuis [15] are deficient for entry. Further studies will be required to establish whether this molecule is involved in evoking signalling events in the host cells that may aid the entry process.
In addition to the finding that motility and lipopolysaccharide play a role in bacterial entry, genetic analysis has also yielded a number of 'bona fide' genetic loci required for bacterial internalization into cultured epithelial cells. Elsinghorst et al.
[ 171 identified a region of the S. typhi chromosome that when cloned into the non-invasive strain of Escherichia coli HH 10 1 rendered these organisms capable of entering cultured epithelial cells. This region maps at minute 58 in the Salmonella chromosome between the recA and sorbitol genes. Further transposon mutagenesis of this 33 kb DNA segment identified four loci required for the entry phenotype of the recombinant E. coli. Interestingly, the same region of the S. Qphimurium chromosome failed to confer invasive properties to the same strain of E. coli, suggesting that differences may exist in the homologous regions of these two Salmonella species.
Stone et al. [18] It has been shown that the entry competence of Salmonella is modulated by the bacterial growth state and a variety of environmental factors such as oxygen tension and osmolarity [20-221, conditions known to effect levels of DNA superhelicity [23] .
Based on these observations, Lee et al. [24] developed an elegant strategy to isolate mutants of S. typhimurium that were competent for entry into cultured epithelial cells under non-permission conditions. This strategy identified three classes of mutants. One class affected the che operons and exhibited smooth swimming, which, as discussed above, increases the frequency of productive contact of the bacteria with the target cell. The second class of mutants affected Rho, a transcriptional termination factor. Mutations in this gene can affect gene expression directly by insufficient transcription termination or, indirectly, by altering the levels of DNA supercoiling. The third class of mutations identified an S. whimurium locus, hil, which is essential for bacterial entry into cultured cells. This locus is likely to encode a regulatory factor required for the proper expression of entry determinants. Interestingly, Behlau and Miller [ 251 isolated a PhoP-repressed gene called prgH which is highly linked to hi1 and is necessary for Salmonella entry into cultured epithelial cells. Because PhoP is also known to regulate genes required for survival within macrophages [26] , these findings suggest that there might be a link in the regulation of two different yet related events: entry and survival inside cells.
Galan and Curtiss [27] identified an S. typhimurium genetic locus, inv, based on its ability to complement an entry defective mutant of this organism. This locus was also shown to be required for virulence in an animal model of infection, as strains carrying mutations in inn had an increased I,D5,, when administered orally into the highly susceptible Balb/c mice. However, invA mutants did not exhibit decreased virulence when administered intraperitoneally, a further indication of the existence of alternative entry pathways. Subsequent analysis of this locus has identified at least 14 genes, invA, B, C, 0, E, F, G, I, J , K, L, M, N and 0, which upon mutation affected the ability of Salmonella spp. to enter cultured epithelial cells, without affecting the ability of these strains to attach to the same cells [3, 28- Nucleotide sequence analyses have revealed that a number of the Inv proteins share sequence identity with proteins required for either flagellar biosynthesis or the surface presentation and/or secretion of virulence determinants by mammalian and plant pathogens (Table 1) . These identities suggest that a number of the Inv proteins may be part of a Sec-independent translocation system necessary for the presentation of factors required for the entry process or for the biogenesis of a supramolecular structure necessary for the delivery of entry determinants. This hypothesis has received support from high-resolution low-voltage scanning electron microscopy (LVSEM) studies of the interaction of S. typhimurium with the eukaryotic cell surface [MI. The electron micrographs showed that contact with the host cell induced the formation of transient appendages on the surface of S. typhimurium, which were absent from Salmonella grown in culture and not exposed to epithelial cells. The appendages appeared to be either shed or possibly retracted before or at the onset of internalization, as all bacteria seen associated with membrane ruffles no longer had appendages. Consistent with previous observations indicating that Salmonella entry does not require de novo protein synthesis [37] , the addition of chloramphenicol at the time of infection did not prevent the formation of the surface appendages. These data indicate that the proteins responsible for the formation and assembly of the appendages are presumably present in entrycompetent Salmonella and that assembly of the surface organelle occurs only upon contact with the eukaryotic cell. Such assembly does not require protein synthesis although it may require energy, as killed organisms are not able to enter cultured epithelial cells [4, 16, 37] . LVSEM analysis of the interaction of various inv mutants of S. typhimurium with polarized Madin-Darby canine kidney (MDCK) cells, revealed two distinct mutant phenotypes. Adherent invA and invE mutants were capable of forming the surface appendages, though they persisted on the surface of the organisms and appeared longer than those seen on the wild-type bacteria. Adherent invC and invG mutants, on the other hand, were incapable of forming any surface appendages. Interestingly, invC encodes a functional ATPase which may couple the hydrolysis of ATP with export across the membrane of proteins required for entry [29] . These data, in conjunction with the fact that these mutants are markedly deficient in their ability to enter cultured MDCK cells, indicate that the Inv proteins are presumably required for the formation of these appendages and that the assembly of this organelle is essential for triggering the entry process.
Conclusions
Is there any relationship among the different Salmonella entry loci? Although there is not enough data available to answer this question, some clues are beginning to emerge. It is very likely, for example, that the inv, hi1 and prgH loci are functionally related, as they are all located in a contiguous region of the chromosome that is unique to Salmonella. In fact, it has been suggested that these genes may have been acquired as a block through horizontal transmission because the GC content of the DNA of this region so far sequenced deviates significantly from the average GC content in the rest of the Salmonella chromosome [ 3,284 11. The relationship of these loci to other entry loci is less certain. It is tempting to speculate that inv, hi1 and prgH are also related to the loci identified by Elsinghorst et al. [ 171 from S. typhi, because it maps to a nearby region of the Salmonella chromosome. However, this locus is located in a region of the chromosome that is not unique to Salmonella, i.e. interspersed among the recA gene and genes involved in sorbital metabolism, and therefore its proximity to the inv, hi1 and prgH loci may not have functional signifi- Yersinia [39] , and the hrp loci in a variety of plant pathogens [40] 
Introduction
Classical virulence factors, including toxins and surface-associated adhesins, can be viewed as molecules that are superbly adapted for interaction with multiple bacterial and host components. Such interactions begin as soon as the molecule is synthesized and continue with an array of interactions during translocation, folding and assembly of the molecule into its correct tertiary structure. As a result, the molecule is either incorporated onto the bacterial cell surface or released into the surrounding milieu where it exhibits its virulence properties. This invariably involves direct interaction with one or more host components, i.e. specific receptors, to enable adherence, invasion, a cellular response or toxicity to be achieved. The subsequent immune response directed against such molecules is also influenced by their interaction with the host, through antigen uptake and presentation in association with components of the histocompatibility complex. The immunological outcome of such interactions differs according to the nature of the virulence factor, with some inducing humoral and cellular responses that lead to protective immunity, some eliciting only poor responses, and some even inducing immune reactions that lead to serious pathological consequences that contribute to the aetiology of the disease.
Understanding the nature and relative contributions of different molecular interactions during virulence factor biogenesis, action or immunogenicity should offer new opportunities for inhibiting pathogens or enhancing protective immunity to Abbreviations used: Ctx, cholera toxin; Btx. E. coli enterotoxin.
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them. In addition, it may open up new means of exploiting the principles of virulence factor-host interaction for beneficial purposes, such as the targetting and uptake of pharmaceuticals by specific host tissues.
Cholera toxin and related enterotoxins
Cholera toxin and related Escherichziz coli enterotoxins, which are capable of causing severe and potentially life-threatening diarrhoea, represent excellent models for the multiple interactions that occur during the biogenesis, toxicity and immunogenicity of virulence factors (for a review, see [ 11) . Cholera toxin (Ctx) from Vzbrio cholerae, and the structurally and functionally related enterotoxins (Etxs) from E. coli, are heterohexameric proteins consisting of a single A subunit (Mr 28000) with ADP-ribosyltransferase activity and five H subunits (Mr 12000 each) which bind to receptors located on the surfaces of eukaryotic cells [l-41. Ctx and Etx share -80% identity in their primary amino acid sequences [5-91. Early studies on the structure and toxicity of Ctx and Etx predicted many of the features that were revealed when the crystal structure of Etx was solved by Hol and coworkers [ 101. Their work revealed that the A subunit comprises a triangular-shaped A 1 polypeptide (which contains the enzyme active site) linked to an A2 polypeptide comprising a 23-residue a-helix that abutts A1 and then continues as an extended chain down into a highly charged central hole formed by a doughnutshaped ring of five R subunits [ 101. The A subunit is initially synthesized as a contiguous polypeptide with the A1 and A2 domains linked by a proteolytically susceptible loop joined by a disulphide bridge (residues CyslX7 to Cys""). Each €3 subunit
